More information is needed on the disinfection efficacy of chlorine for viruses in source water. In this study, chlorine disinfection efficacy was investigated for USEPA Contaminant Candidate List viruses coxsackievirus B5 (CVB5), echovirus 1 (E1), murine norovirus (MNV), and human adenovirus 2 (HAdV2) in one untreated groundwater source and two partially treated surface waters. Disinfection experiments using pH 7 and 8 source water were carried out in duplicate, using 0.2 and 1 mg/liter free chlorine at 5 and 15°C. The efficiency factor Hom (EFH) model was used to calculate disinfectant concentration ؋ contact time (CT) values (mg ⅐ min/liter) required to achieve 2-, 3-, and 4-log 10 reductions in viral titers. In all water types, chlorine disinfection was most effective for MNV, with 3-log 10 CT values at 5°C ranging from <0.020 to 0.034. Chlorine disinfection was least effective for CVB5 in all water types, with 3-log 10 CT values at 5°C ranging from 2.3 to 7.9. Overall, disinfection proceeded faster at 15°C and pH 7 for all water types. Inactivation of the study viruses was significantly different between water types, but no single source water had consistently different inactivation rates than another. CT values for CVB5 in one type of source water exceeded the recommended CT values set forth by USEPA's Guidance Manual for Compliance with the Filtration and Disinfection Requirements for Public Water Systems using Surface Water Sources. The results of this study demonstrate that water quality plays a substantial role in the inactivation of viruses and should be considered when developing chlorination plans.
More information is needed on the disinfection efficacy of chlorine for viruses in source water. In this study, chlorine disinfection efficacy was investigated for USEPA Contaminant Candidate List viruses coxsackievirus B5 (CVB5), echovirus 1 (E1), murine norovirus (MNV), and human adenovirus 2 (HAdV2) in one untreated groundwater source and two partially treated surface waters. Disinfection experiments using pH 7 and 8 source water were carried out in duplicate, using 0.2 and 1 mg/liter free chlorine at 5 and 15°C. The efficiency factor Hom (EFH) model was used to calculate disinfectant concentration ؋ contact time (CT) values (mg ⅐ min/liter) required to achieve 2-, 3-, and 4-log 10 reductions in viral titers. In all water types, chlorine disinfection was most effective for MNV, with 3-log 10 CT values at 5°C ranging from <0.020 to 0.034. Chlorine disinfection was least effective for CVB5 in all water types, with 3-log 10 CT values at 5°C ranging from 2.3 to 7.9. Overall, disinfection proceeded faster at 15°C and pH 7 for all water types. Inactivation of the study viruses was significantly different between water types, but no single source water had consistently different inactivation rates than another. CT values for CVB5 in one type of source water exceeded the recommended CT values set forth by USEPA's Guidance Manual for Compliance with the Filtration and Disinfection Requirements for Public Water Systems using Surface Water Sources. The results of this study demonstrate that water quality plays a substantial role in the inactivation of viruses and should be considered when developing chlorination plans.
Disinfection processes are critical for the reduction of infectious virus concentrations in source water, because viruses are less efficiently removed by primary treatment of drinking water (e.g., coagulation and filtration) than are other pathogen types of concern (e.g., bacteria and protozoa). Over the years, many disinfection studies have focused on the inactivation of viruses in purified and buffered, demand-free, reagent-grade water (RGW). However, relatively few investigators have examined the impact of water quality during the disinfection process, even though water quality has been found to be a significant factor for inactivation of viruses.
Several researchers found that the inactivation rate of poliovirus by free chlorine increased as the ionic concentration of water increased. In one study, poliovirus 1 was inactivated three times faster in boric acid buffer than in purified water (3). In addition, several investigators found that when the ionic content of buffered water was raised by the addition of NaCl or KCl, poliovirus 1 was inactivated two to four times faster than in the buffered water alone (2, 16, 17) . In another study, poliovirus 1 was inactivated 10 times more rapidly in drinking water than in purified water (4) .
Studies conducted with natural waters have demonstrated both increased and decreased disinfection efficacy of chlorine in these waters compared to purified or buffered waters. In a study comparing chlorine disinfection in purified water and Potomac estuarine water, coxsackievirus A9 was inactivated more rapidly in the source water. The remaining study viruses (coxsackievirus B1, echovirus 7, adenovirus 3, poliovirus 1, and reovirus 3) were all inactivated more slowly in the source water (13) . Bacteriophage MS2 was inactivated more slowly by free chlorine in two types of surface water than in buffered, demand-free water. However, there was no difference between the inactivation rates of this virus in the buffered water and groundwater (10) . In another study, both feline calicivirus and adenovirus 40 were inactivated more slowly in treated groundwater than in buffered, demand-free water (21) .
The United States Environmental Protection Agency's (USEPA) Guidance Manual for Compliance with the Filtration and Disinfection Requirements for Public Water Systems using Surface Water Sources (Guidance Manual) recommends disinfectant concentration ϫ contact time (CT) values of 4, 6, and 8 to achieve 2-, 3-, and 4-log 10 inactivation, respectively, with chlorine at 5°C and pH 6 to 9 (23). These CT values, which incorporate a safety factor of 3, were obtained from inactivation experiments conducted with monodispersed hepatitis A virus (HAV) in buffered, demand-free water. As water quality can significantly affect the disinfection efficacy of chlorine, it is unclear whether these CT value recommendations are sufficient for inactivation of viruses in source water. More information is needed to systematically examine the role of water quality in chlorine disinfection of viruses.
The objective of the present study was to examine the dis-infection efficacy of free chlorine on selected viruses from USEPA's Contaminant Candidate List (CCL) (22) in one untreated and two partially treated source waters from distinct geographical regions. By comparing the efficacy of chlorine disinfection in the source water types to disinfection in buffered, chlorine-demand-free RGW (7), the impact of water quality could be examined. The four representative CCL viruses selected for this study included human adenovirus 2 (HAdV2), echovirus 1 (E1), coxsackievirus B5 (CVB5), and murine norovirus (MNV), a surrogate for human norovirus (22) . The viruses were selected because they were previously found to be the least effectively inactivated viruses of their type in RGW (6) . Disinfection experiments were carried out in duplicate in pH 7 and 8 source water at 5 and 15°C using 0.2 and 1 mg/liter free chlorine. Inactivation curves were plotted using Microsoft Excel, and CT values were calculated using the efficiency factor Hom (EFH) model (9) .
MATERIALS AND METHODS
Virus propagation and assay. Clones of CVB5 (Faulker strain) and E1 (Farouk strain) were prepared from the strains obtained from the American Type Culture Collection (ATCC, Manassas, VA) and propagated in BGM cells (Scientific Resources Program, CDC). MNV-1 was obtained from H. W. Virgin and C. Wobus (11) and propagated in mouse RAW 264.7 cells obtained from ATCC. HAdV2 (strain 6) was obtained from CDC and propagated in A549 cells (Scientific Resources Program, CDC). Cell lines were maintained in either Eagle's minimum essential medium or Dulbecco's modified Eagle's medium as described previously (6) . Viral titers were determined by plaque assay by inoculating 10-fold dilutions onto cell monolayers in 60-mm 2 dishes. After 1 h of adsorption at 37°C and 5% CO 2 , the infected cells were overlaid with 5 ml maintenance medium containing 0.5% agarose. Following a 2-day incubation of MNV and enterovirus assays and a 5-day incubation of HAdV2, a second overlay containing 2% neutral red was added to visualize plaques within 4 h.
CAV preparation. Cell-associated viruses (CAVs) were prepared as described previously (6) . Cell monolayers were infected at a multiplicity of infection of 0.5 to 1.0 and harvested when a majority of cells in the monolayer showed evidence of infection with minimal cell lysis. The culture medium was removed and replaced with chlorine-demand-free Dulbecco's phosphate-buffered saline (CDF DPBS) before freezing at Ϫ70°C. The CAV was purified by polyethylene glycol precipitation and chloroform extraction, and the purified CAV (pCAV) was used on the same day as the experimental inoculum.
Reagents and glassware. CDF DPBS and CDF water were prepared according to standard method 4500-Cl C (7). A free chlorine stock solution was prepared by diluting sodium hypochlorite in CDF water. This stock was added to the experimental waters to achieve the desired free chlorine concentration. The starting concentration of the water was adjusted so that addition of the inoculum did not cause greater than a 0.05-mg/liter decrease in free chlorine concentration in order to achieve a final starting residual of 0.2 or 1 mg/liter. Free chlorine was measured by the N,NЈ-diethyl-p-phenylenediamine (DPD) method with a Hach DR/850 colorimeter (Hach, Loveland, CO). CDF glassware was prepared by soaking it in Ն5 mg/liter free chlorine overnight. The glassware was rinsed five times with CDF water, covered with clean foil, and baked at 200°C for 2 h. All glassware and water were prechilled at 5 or 15°C before each experiment.
Test waters. Partially treated lake and river source water samples were obtained from Cobb County-Marietta Water Authority (CCMWA) in Marietta, GA, and Washington Aqueduct (WASH) in Washington, DC, respectively. These water samples were collected from the water treatment plant just prior to chemical disinfection. Groundwater was obtained from Brunswick-Glynn County Joint Water and Sewer Commission (BGC) in Savannah, GA, prior to chlorination. Source water samples were shipped to the CDC laboratory in Atlanta, GA, in Cubitainers and stored at Ϫ20°C in 2-liter aliquots. Experiments were conducted using the thawed samples, adding enough free chlorine stock to consume the natural demand and achieve 0.2 or 1 mg/liter free chlorine residual for disinfection experiments. Immediately prior to an experiment, the water was adjusted to pH 7 or 8 by addition of 1 M NaH 2 PO 4 or Na 2 HPO 4 , respectively. The total volume of phosphate buffer needed to adjust the pH of the water was negligible and did not significantly alter the buffering capacity of the water.
Experimental protocol. Source water experiments were conducted at 5 and 15°C by using 0.2 and 1 mg/liter free chlorine. Experiments were conducted in a recirculating water bath inside a biological safety cabinet. A multiplace stir plate placed under the water bath allowed for continual mixing during experiments. For each pH, four 50-ml Erlenmeyer flasks were used, each containing 40 ml source water with either 0.2 or 1 mg/liter free chlorine. Two flasks served as the experimental replicates, and one flask each was used to monitor free chlorine residual and viral titer throughout the course of the experiment. At time zero, Յ1 ml of a pCAV stock was inoculated into each flask. At predesignated intervals, a 5-ml sample was removed, and the free chlorine residual was quenched with 50 mg/liter sodium thiosulfate. Free chlorine residual was measured immediately before an experiment, immediately after virus inoculation, at the midpoint, and at the end of an experiment, at a minimum. Prior to virus inoculation in the viral titer control flask, 50 mg/liter sodium thiosulfate was added to quench the free chlorine residual. This flask was sampled to ensure that virus infectivity was stable in the source water. Samples were maintained at 4°C in PBS with 1% serum until assay performance.
Kinetic modeling and CT calculations. Viral inactivation was determined by calculating the survival ratio (N/N 0 ; infectious viruses at time t divided by infectious viruses at time zero) for each experimental sample. The EFH model was used to calculate predicted survival ratios based on experimental conditions, including disinfectant decay over time, using a first-order kinetic equation (9) . Samples were included in the EFH modeling only if the plaque assay counts averaged Ն10 PFU/plate. Inactivation curves were created using Microsoft Excel to compare observed versus predicted survival ratios. CT values (chlorine residual in mg/liter ϫ contact time in min) were calculated for 2-, 3-, and 4-log 10 inactivation for each virus and condition through application of the EFH model. Linear regression using a quadratic response function was used to compare viral inactivations between different viruses, water types, and pH levels by using SAS version 9.0. Statistical significance was set at ␣ ϭ 0.05.
RESULTS
Water quality characteristics of the source waters are presented in Table 1 . CT values for 3-log 10 reduction of study viruses by use of 0.2 mg/liter free chlorine are presented in Tables 2, 3 , and 4 (data for 1 mg/liter free chlorine not shown). The EFH model could be used to extrapolate 4-log 10 CT values for many of the viruses that did not achieve 4-log 10 inactivation experimentally.
HAdV2. Chlorine disinfection of HAdV2 proceeded so rapidly (3-to 4-log 10 inactivation within 5 to 10 s) in each source water type that CT values could not be calculated for all experimental conditions. For those conditions in which CT values (Fig. 1) and were similar in shape between pH 7 and 8. Although HAdV2 was inactivated rapidly, it was possible to determine the relative disinfection efficacies between the three source waters. At 5°C and 0.2 mg/liter free chlorine, disinfection was most effective in BGC water (P Յ 0.0024) and least effective in WASH water (P Ͻ 0.0001). CVB5. Disinfection of CVB5 was more effective at pH 7 than pH 8 in all source waters (P Յ 0.0396), with a few exceptions. Disinfection was more effective at pH 8 than pH 7 in CCMWA water at 0.2 mg/liter free chlorine and 5°C (P Ͻ 0.0001) and in BGC water at 0.2 mg/liter (P Ͻ 0.0001). Inactivation curves for CVB5 in CCMWA water were all first order and similar in shape between pH 7 and 8 (Fig. 2) . Most inactivation curves for CVB5 in WASH and BGC waters were also first order. Overall, inactivation of CVB5 was most effective in CCMWA water (P Ͻ 0.0001) and least effective in WASH water (P Յ 0.0002).
E1. Disinfection of E1 was more effective at pH 7 than at pH 8 in all source waters (P Յ 0.0049), with two exceptions. Disinfection was more effective at pH 8 than pH 7 in BGC water at 0.2 mg/liter free chlorine (P Ͻ 0.0001). Inactivation curves for E1 varied between source water type and pH. In CCMWA water, inactivation curves at 0.2 mg/liter and 5°C were first order, with the exception of a brief plateau phase for pH 7, but inactivation curves under all the other experimental conditions exhibited a shoulder (Fig. 3) . In WASH water, E1 inactivation curves exhibited a shoulder, but the degree of this effect was different for pH 7 and 8 at each experimental condition. In BGC water, inactivation curves for pH 8 exhibited a slight shoulder effect or a plateau phase. Inactivation curves for pH 7 either exhibited a plateau phase or an apparent titer increase in the early stages of experiments. This effect made it difficult for the EFH model to fit a predicted curve to the experimental data at pH 7. Because the titer drop happened before 2-log 10 inactivation was achieved, these points were removed from the model in order to fit a curve to the later time points (which included 2-, 3-, and 4-log 10 inactivation). In this manner, CT values could be calculated more effectively. The only consistent patterns that emerged between source water types was that inactivation of E1 was most effective in CCMWA water at pH 7 (P Ͻ 0.0001) and least effective in WASH water at pH 8 (P Ͻ 0.0001).
MNV. Disinfection of MNV proceeded so rapidly at 1 mg/ liter free chlorine (3-to 4-log 10 inactivation within 5 to 10 s) that CT values could be calculated only for experiments conducted at 0.2 mg/liter free chlorine. MNV was inactivated more rapidly at pH 7 than at pH 8 (P Յ 0.0023) with one exception. In WASH water, there was no difference in disinfection efficacy between pH 7 and pH 8 at 15°C (P ϭ 0.3356). Inactivation curves exhibited a second-order tailing effect and were similar in shape between pH 7 and pH 8 (Fig. 4) . Because MNV was inactivated so rapidly, there were few points of comparison to examine the relative disinfection efficacies between source water types. No consistent trend was observed to indicate that free chlorine was more or less effective for inactivating MNV in a particular source water.
Relative resistance of study viruses. Chlorine disinfection was most effective for MNV in all source water types (P Ͻ 0.0001). HAdV2 was more effectively inactivated than was E1 (P Ͻ 0.0001), and CVB5 required the longest time for inactivation (P Ͻ 0.0001).
Effect of temperature and disinfectant concentration. Disinfection of all viruses proceeded more rapidly at 15°C than at 5°C. The CT values calculated for E1 at 0.2 and 1 mg/liter free chlorine were similar. Overall, the CT values calculated for CVB5 and HAdV2 at 0.2 and 1 mg/liter free chlorine were similar. However, for some experimental conditions, there was considerable variation between CT values calculated for 0.2 and 1 mg/liter free chlorine, but there was no consistent trend in this variation.
DISCUSSION
The pattern of relative resistance that emerged for CVB5, E1, HAdV2, and MNV in the source waters was also observed in RGW in a previous study (6) . CVB5 was more resistant than E1 in the present study and was one of the most resistant of the 20 enteroviruses, adenoviruses, and reoviruses studied in an examination of chlorine disinfection in Potomac estuarine water (13) . Previous studies investigating chlorine disinfection of CVB5 in RGW found that chlorine was less effective for CVB5 than for other enteroviruses (5, 8, 15) . In addition, adenoviruses have consistently been inactivated rapidly by free chlorine in various water types, as was found in the present study (1, 14, 21) . These findings suggest that the relative resistances of viruses found in water may not be strongly affected by water quality.
In the present study, chlorine disinfection was more effective at pH 7 than at pH 8 under most experimental conditions. In previous studies, HAdV2, CVB5, and E1 were also inactivated more rapidly as pH decreased (5, 6, 8, 14) . However, for each of the study viruses, there were several instances in which disinfection was more effective at pH 8 than at pH 7 or there was no difference between disinfection efficacies at the two pH levels. At low pH levels, most of the free available chlorine in a solution is in the form of hypochlorous acid (HOCl), while hypochlorite ion (OCl Ϫ ) is the most predominant species of chlorine in a solution at high pH levels (18) . Hypochlorous acid is a stronger oxidizing agent than is hypochlorite ion, and chlorine disinfection is generally regarded to be more effective at lower pH levels (18) . However, while other researchers have also reported instances in which chlorine disinfection was more effective at higher pH levels (8, 19, 20) , no mechanisms have been identified to resolve why these data run counter to theory.
Inactivation of the study viruses was significantly different between water types under most of the experimental conditions (i.e., temperature, pH), but there was no clear trend indicating that a particular source water was associated with the lowest or highest disinfection efficacy overall. Inactivation data from a previous free chlorine disinfection study conducted with RGW (6) were compared to data from the three source waters in this study. Under most experimental conditions, inactivation rates of CVB5 and E1 were significantly different in RGW than in the source waters, but inactivation rates in RGW were not consistently higher or lower than in the source waters. However, HAdV2 and MNV inactivation rates in source water were lower than those reported by Cromeans et al. (6) in RGW. In previous studies conducted with natural or drinking water, most of the viruses examined exhibited lower inactivation rates in natural waters than in buffered or purified water (10, 13, 21) . It has been theorized that turbidity and ionic strength play a role in the different inactivation rates in RGW and natural water. Haas et al. suggested that turbidity may be a contributing factor in the decreased inactivation rate of MS2 in surface waters compared to that in buffered, demand-free water (10) . In the present study, no association between increased turbidity and decreased reaction rate was observed. In fact, WASH water had the lowest turbidity but was most often associated with the lowest inactivation rates. Several previous disinfection studies demonstrated that poliovirus inactivation rates increased significantly as ionic strength increased (2, 16, 17) . In the present study, however, CCMWA water had the lowest ionic strength but was most often associated with the highest inactivation rates. It is apparent from the results of this study that the various inactivation rates of viruses in groundwater and treated source waters cannot be attributed to a single water quality parameter but are more likely influenced by a combination of factors (both viral and water).
Few research studies have examined the disinfection efficacy of chlorine on viruses in environmental waters, and comparison of CT values between studies is difficult due to varying experimental conditions and methods. While the disinfection efficacy of free chlorine for HAdV2 in natural waters has not previously been examined, a CT value of 1.5 was required to achieve a 2-log 10 inactivation of HAdV40 in treated groundwater at pH 8 and 15°C (21) . A more recent study investigated chlorine disinfection of HAdV2 in simulated source water (14) . The authors found that free chlorine was effective at inactivating HAdV2, with CT values of 0.023 to 0.027 required for 3-log 10 inactivation at pH 7 and 4°C. Although a direct comparison cannot be made between the CT values reported in the present study and those for HAdV40 in groundwater and HAdV2 in simulated source water, they each provide evidence that adenoviruses can be highly susceptible to free chlorine disinfection.
In contrast to the 3-log 10 CT value of Յ0.02 (pH 7, 15°C) reported in the present study for MNV, a recent study reported the 3-log 10 free chlorine CT value for MNV at pH 7.2 and 20 to 25°C to be 0.2 to 3 (12) . The difference in reported CT values could be due to variations in experimental protocol as well as the use of different purification methods. In the present study, viruses were purified by chloroform extraction, while gel chromatography was used by Kitajima et al. (12) . However, in both studies, MNV was more effectively inactivated by free chlorine than were other viruses in natural water.
USEPA's Guidance Manual recommends a CT value of 6 to achieve 3-log 10 inactivation with chlorine at 5°C, pH 6 to 9 (23). The 3-log 10 CT values for HAdV2, E1, and MNV in the present study were below this recommended value. However, the CT values calculated for CVB5 in WASH at pH 8 (7.9) exceeded USEPA's recommended value of 6. The CVB5 data from the present study, therefore, can be used to reconsider the recommended CT values in the USEPA Guidance Manual.
The results of this study provide evidence that water quality impacts the disinfection efficacy of chlorine on viruses in source water. Inactivation rates for some of the study viruses were both higher and lower in source water, depending on the experimental conditions, than previously reported inactivation rates in RGW. Therefore, the results of this study suggest that it would be difficult to predict the disinfection efficacy of free chlorine in source water based on performance in RGW or a different source water type. However, in the present study each of the study viruses conformed to the same overall pattern of relative resistance in each source water (CVB5 Ͼ E1 Ͼ HAdV2 Ͼ MNV [most to least resistant]). As CVB5 was consistently the virus for which chlorine disinfection was least effective, CT values for this virus can be incorporated into the currently available evidence base to guide planning and operation of chlorine disinfection systems by drinking water utilities. Based on the results of this study, a CT value of 8 or higher would be required to ensure a 3-log 10 inactivation at pH 7 to 8 and 5°C. Additionally, data from the present study can be used to model the survival of the study viruses in distribution systems, whether associated with a treatment system breakthrough or distribution system intrusion scenario.
